Abstract. Within the Budyko framework, the controlling parameter (ω in the Fu equation) is widely
Introduction 27
The water cycle has been influenced greatly by human activities and climate change since the 28 1960s, and considerable variability in hydrological processes has been observed in many basins around 29 the world; this has led to a series of problems concerning essential water resources (Stocker et al., 2014) .
30
Analyses of the mechanisms of the interactions among the water balance, climate, and catchment 31 surface conditions are important for understanding these complex processes at different spatio-temporal 32 scales (Zhang et al., 2008) , and such work has practical significance in regard to the improvement of (Milly, 1994) , 54 and differences in the timing of P and ET 0 (Budyko, 1961; Potter et al., 2005) . All of these factors can yield, and thereby, evidence exists that climate seasonality also strongly affects the controlling 67 parameter in the Budyko equations (Berghuijs and Woods, 2016) . Some indices and models have thus 68 been developed to address this issue, and several potential solutions have been discussed (Milly, 1993, Therefore, the primary motivation behind this study was to detect the potential linkages between 76 the controlling parameter and surface condition change, as well as climate seasonality at an annual scale.
77
The specific objectives were to derive an appropriate analytic formula between parameter ω in the Fu and ET 0 are out phase, the total precipitation of one year is concentrated at a certain moment, and thus,
117
R → and → 0. Therefore, the impacts of seasonal variations in coupled water and energy on the 118 regional water balance cannot be neglected, and they can only be reflected by the controlling parameter. Solar radiation was considered as the dominant factor that controls the climate seasonality and thus the 120 seasonality of P and ET 0 can be can be expressed by sine functions (Milly, 1994; Woods, 2003) : However, due to ignoring the higher orders of the Taylor expansion in equation (5), this method will 142 result in high errors (Yang et al., 2014b 
where α is a weighting factor that varies from 0 to 1, which can determine the upper and lower bounds 151 of the climate and the controlling parameter effect. In this study, we defined α=0.5 according to the changes can be expressed as follows:
After obtaining the contribution of parameter to the ET change, the contributions of vegetation 160 coverage (M) and climate seasonality (S) to ET change can be further decomposed as follows.
161
First, the contributions of M and S to parameter are calculated by using the sensitivity method 162 similar to Eq. (5) based the relationship between and M as well as S we built:
Furthermore, the individual relative contributions (RC) of M and S to can be calculated. Then,
165
the contributions of M (C_(M)) and S (C_(S)) to ET changes can be obtained as follows: Monthly runoff data for the 13 catchments were supplied by the Yellow River Conservancy 
234
Considering the relationships shown in Figure 3 and given the above limiting conditions, the 235 general form of parameter can be expressed as follows: 
240
The coefficient of determination R 2 and the statistics for the F test of the modelled were 0.51 and 241 218.94, respectively.
242
A cross-validation approach was chosen to calibrate and test the above semi-empirical formula for 243 parameter . Specifically, the dataset for the 13 basins in our study was separated into two groups. One 244 was applied to build the semi-empirical formula, and it consisted of 12 basins for each time; the other 245 was used for testing the performance of the semi-empirical formula, and it consisted of the remaining 1 246 basin. In total, the cross-validation process was conducted 13 times. After building the semi-empirical 247 formula by using the vegetation coverage data and climate seasonality index data for the 12 basins, the 248 parameter for the validated basin was modelled by using this fitted formula, and the annual ET for 249 the validated basin was evaluated with the modelled , which is referred to as the "modelled" ET. Then, (Table 3) . ET 0 and S in all basins exhibited an upward trend, though with different significances.
269
Similarly, M in most basins increased during past several decades. Based on the sensitivity coefficients 270 of ET (Table S1 ) and the changes in mean annual P, ET 0 , , M and S from period I to period II (Table   271 4), the changes in ET due to those in P, ET 0 , M and S were estimated using the method described in 272 Section 2.3. The contributions of four variables to ET change for each basin were presented in Table 4 .
273
In basin #1, 3-4 and #6, the ET changes were controlled by vegetation improvement; however, in the 
280
It should be noted that the climate seasonality (represented by S) played an important role in the 281 catchment ET variation. The contributions of S to ET changes ranged from 0.1% to 65.5% (absolute 282 values). Besides basin #6, #9 and #12, the climate seasonality had a negative effect on ET variation in 283 most of the basins, which means that larger seasonality differences between seasonal water and heat will 284 lead to smaller amounts of evapotranspiration. Accordingly, if ω is supposed to only represent the 285 landscape condition, the effects of landscape condition change on ET variation will be underestimated 286 in basin #1, #3, #6-7, #9 and #11. Except for basin #9, the area of these basins is relative smaller; while 287 its effects will be overestimated in the other basins, and the error would be equal to the contributions of
288
S to ET changes. between the annual and S fell in the upper left, and they were likely influenced by the low runoff.
324
However, separation of the impacts on runoff from vegetation change, climate seasonality, and 325 engineering works will have to await future work. 
340
Despite that catchment-scale water storage changes are usually assumed to be zero on long-term interannual changes of parameter were found to be related strongly to M and S. As such, a 368 semi-empirical formula for the annual value of was developed based on these two parameters, and it 369 was proven superior for estimating the actual evapotranspiration (ET) by a cross-validation approach.
370
Finally, based on the proposed semi-empirical formula for parameter , the contributions of changes in 
